Background-Mast cells have been shown to regulate intestinal ion transport in animal models and normal human colon but their physiological role in human intestinal inflammatory disorders is unknown. Aims-To examine mast cell regulation of ion transport in inflammatory bowel disease (IBD). Subjects and methods-Small and large intestine was obtained from patients with and without IBD undergoing surgical resection. Short circuit current (Isc) responses to rabbit antihuman IgE, histamine, and electrical stimulation were measured in Ussing chambers. Specimens were also examined for mast cell numbers and degree of inflammation. Results-Isc responses to anti-IgE and histamine were smaller in magnitude in IBD compared with non-IBD tissues. In all tissues, anti-IgE Isc responses were reduced by about 80% in chloride free buVer. The histamine H 1 receptor antagonist, pyrilamine, decreased anti-IgE responses in non-IBD tissues. Greater inhibition with pyrilamine was seen in IBD small intestine but its eVect was less in IBD colon. Histamine pretreatment of non-IBD control tissues reduced anti-IgE responses to levels seen in IBD colon but had no eVect in small intestine. Mast cell numbers were greater in IBD compared with non-IBD small intestine while no differences were observed between the colonic groups. Isc responses to anti-IgE were not correlated with the degree of mucosal inflammation. Conclusions-This study provides further evidence that mast cells are capable of mediating alterations of ion transport in human gut but that this regulatory role may be altered in IBD. The data suggest that prior activation of mast cells with release of histamine may account for the reduced secretory response to anti-IgE observed in IBD colonic tissues. (Gut 1997; 41: 785-792) 
Mast cells are found within all layers of the gut wall throughout the gastrointestinal tract. By virtue of the large number of biologically active substances they release, 1 mast cells have great potential to influence gut function, including fluid and electrolyte transport. Animal studies clearly demonstrate that mast cell activation alters intestinal epithelial ion transport [2] [3] [4] and more recently, we and others have confirmed similar events in human intestine. 5 6 Activation of mast cells using antibodies directed against surface immunoglobulin E (IgE) resulted in a chloride secretory response that involved histamine, eicosanoids, and enteric nerves. 5 6 That mast cells may regulate gut function is important since intestinal mast cells have been implicated in the pathogenesis of a number of conditions including inflammatory bowel disease (IBD), coeliac disease, food allergy, and systemic mastocytosis. 7 Evidence for their role in IBD includes increased numbers of mast cells, [8] [9] [10] [11] including degranulated mast cells 12 13 in IBD intestine as well as elevated levels of histamine measured in the gut lumen of patients with IBD. 14 15 Enhanced release of histamine and eicosanoids has also been described in actively inflamed IBD tissues after isolated intestinal mast cells were stimulated by crosslinking IgE receptors. 16 17 The functional significance of mast cells in IBD has not been examined in the context of the intestinal epithelium however.
In this study epithelial short circuit current (Isc) responses to rabbit antihuman IgE and to histamine were studied in isolated human intestine mounted in Ussing chambers. Secretory responses were compared in large and small bowel from patients with and without IBD. Pyrilamine, a histamine H 1 receptor antagonist, and histamine desensitisation were used to investigate the mechanisms underlying altered mast cell mediated intestinal ion transport in IBD tissues.
Materials and Methods

PATIENT SPECIMENS
Small and large intestinal tissues were obtained from 159 patients undergoing elective bowel surgery over a five year period at McMaster University Health Sciences Center. Sixty five of these patients had inflammatory bowel disease (14 with a diagnosis of ulcerative colitis and 51 with Crohn's disease) diagnosed by standard clinical, radiological, endoscopic, and histological criteria. Indications for intestinal resection in patients with IBD included manifestations of intestinal disease unresponsive to medical therapy (for example, diarrhoea, anaemia, strictures, fistulas), intolerance of medical therapy, and colonic dysplasia. The medical conditions requiring removal of large and/or small intestine in the 94 patients without IBD were mainly colorectal adenoma/carcinoma, diverticular disease of the colon, pancreatic cancer, and malignancies of the small intestine. Tissues obtained from patients with bowel tumours were procured from areas well removed (more than 5 cm) from the tumour margins. In general, specimens provided by the pathologist for laboratory use were free of gross disease including ulcers, strictures, and other specific lesions. The study was conducted with the approval of the McMaster University Ethics Committee.
Segments for experimental use were cut from the resected surgical specimens by a pathologist and then transported in oxygenated Krebs buVer to the Intestinal Disease Research Unit laboratory. The specimens were then prepared by removing the muscularis propria before mounting in Ussing chambers or fixing for histological assessment. For most resected specimens, it was possible to mount adjacent tissues in four Ussing chambers. The total time from resection in the operating room until the tissues were mounted in the chambers was approximately 30-45 minutes.
Specimens were categorised as being from the small or large intestine in patients with and without IBD. All small intestinal IBD specimens were from the distal ileum of patients with Crohn's disease. The majority of the non-IBD small bowel cases also involved the terminal ileum. Large bowel specimens included tissues from all regions of the colon. Large intestinal tissues were grouped as ulcerative colitis, Crohn's disease, or non-IBD. We have previously shown that colonic tissues subgrouped according to two main associated pathological conditions (colorectal polyps or cancer and diverticular disease) do not exhibit diVerences with regard to mast cell numbers or response to anti-IgE stimulation. 5 Thus, all non-IBD colonic tissues were grouped together for the purposes of this study. The medical record including the final surgical pathology report was used to confirm the preoperative/intraoperative diagnosis in each case.
The results reported in this study were obtained from experiments using large and small intestinal tissues from 68 patients without IBD, 45 with Crohn's disease, and nine with ulcerative colitis. Some patients were the source of more than one type of tissue if both large and small intestine were removed from an individual subject. Tissues from 27 patients without and 14 with IBD were excluded from the final analysis based on: the failure of the baseline Isc to stabilise; the absence of a detectable basal Isc or potential diVerence (PD); or the lack of response to 10 -5 mol/l forskolin, a cAMP mediated secretagogue added at the end of the experiment to assess non-receptor mediated intestinal epithelial secretion (see below). A response to forskolin less than 10 µA/cm 2 became a criterion for excluding tissues after preliminary experiments showed that many of these tissues failed to respond to anti-IgE or histamine in spite of a reasonable baseline Isc and PD. In many of these cases of exclusion, the time from surgical removal until mounting in the chambers was prolonged.
USSING CHAMBER STUDIES
Segments of intestinal mucosa were mounted in modified Ussing chambers exposing a surface area of 0.6 cm 2 to 10 ml Krebs buVer with 10 mmol/l glucose on the antiluminal (serosal) side and 10 ml Krebs buVer containing 10 mmol/l mannitol on the luminal (mucosal) surface. The Krebs solution containing (in mmol/l) 115 NaCl, 8 
RESPONSES TO STIMULATION
Anti-IgE
Rabbit antihuman IgE serum or control rabbit serum (both Dimension Laboratories, Mississauga, Ontario, Canada) was added to the serosal surface of intestine mounted in Ussing chambers. In previous studies, anti-IgE added to the luminal (mucosal) surface of intestinal tissues had no eVect. 5 DiVerences between the basal Isc and the increase in Isc observed after serum was added ( Isc) were calculated at one minute intervals for the first 15 minutes and at 20 minutes after anti-IgE stimulation. Peak Isc values were recorded to determine the maximum Isc. Anti-IgE 10 µg/ml was used in all experiments based on results from previous dose response studies. 5 
Histamine
In some tissues histamine (Sigma Chemical Co., St Louis, Missouri) was added to the serosal side of intestinal tissues at a concentration of 10 -4 mol/l once the Isc had restabilised after adding anti-IgE. The response to histamine, Isc, was determined at one minute intervals for 10 minutes after addition.
In other experiments, 10 -4 mol/l histamine was added twice (10 minutes apart) to non-IBD small or large intestinal tissues in Ussing chambers. Preliminary studies confirmed that this protocol was suYcient to inhibit Isc responses to subsequent challenge with histamine, but not forskolin, and was then used to compare Isc responses to anti-IgE in IBD and histamine pretreated non-IBD tissues.
Forskolin
At the end of each experiment, after the Isc had stabilised following any prior stimulation, 10 -5 mol/l forskolin (Sigma), prepared in dimethylsulphoxide, was added to the mucosal and serosal sides of the preparation. This concentration of forskolin has also been used to assess ion transport in human rectal suction biopsy samples. 18 Responses ( Isc) were calculated as the diVerence between the basal Isc and the maximum Isc seen after adding forskolin.
PHARMACOLOGICAL INHIBITOR/ANTAGONIST
STUDIES
In these experiments, adjacent pieces of intestine from a single surgical specimen were mounted in the chambers. Whenever possible, two tissues were used as untreated controls and the other two tissues were treated separately with the pharmacological agent added to the serosal side of the intestinal preparation 15 minutes before anti-IgE. Pyrilamine (Sigma), a histamine H 1 receptor antagonist, was dissolved in water and used at a concentration of 10 -4 mol/l, a dose previously shown to inhibit ion transport responses to histamine in normal human colon. 5 
HISTOLOGY
Whenever the size of the experimental specimen permitted, a piece of intestine taken adjacent to the segment used for the transport studies was processed in our laboratory for histological assessment. Segments were fixed in formalin and stained with haematoxylin and eosin for assessment of mucosal architecture and inflammation. Adjacent segments were also fixed in Carnoys fixative for 24 hours followed by 70% ethanol before staining with toluidine blue at low pH and an eosin counterstain for mast cell quantitation. In addition to these sections, routine haematoxylin and eosin stained sections obtained for diagnostic purposes by the Pathology Department at McMaster University Health Sciences Center were also available for assessment.
Histological sections were examined by light microscopy. Standard criteria were used to identify acute or chronic mucosal inflammation as well as crypt architectural changes typical of IBD. 19 20 Inflammation was graded on a scale from 0 to 3 by a single observer unaware of the underlying clinical diagnosis or the electrophysiological data. A score of 0 corresponded to a normal level of inflammatory cells in the lamina propria, 1 to a mild increase, 2 to a moderate increase, and 3 to a severe increase in the inflammatory infiltrate. 20 Mast cells were counted using a micrometer grid, fitted in a 10× eyepiece at a 40× objective magnification. Four contiguous non-overlapping areas comprising a total of 0.25 mm 2 were counted above the muscularis mucosae and four areas of the region below, consisting of the muscularis mucosae and submucosa, also totalling 0.25 mm 2 , were counted per patient specimen. Mast cell numbers were corrected for square area and are expressed as cell number per mm 2 of intestinal tissue.
STATISTICS
Electrophysiological data were compared using Student's t test. In experiments in which there were more than one tissue per patient for a given stimulant, mean Isc values were calculated using both n = the total number of tissue specimens and n = the total number of subjects (average Isc value determined per subject). In inhibitor experiments, mean Isc responses to stimulation in drug treated tissues were compared with responses in untreated controls obtained from the same patient. Histological data were also compared using Student's t test. Pearson's correlation analysis was used to analyse the relationship between the inflammation score and the Isc response to anti-IgE using SPSS/PC+ statistical package (SPSS Inc., Chicago, Illinois). In all statistical analyses used in this study, p<0.05 was considered significant. Table 1 shows the mean baseline measurements of Isc, PD, and G for IBD and non-IBD large and small bowel groups. Significant increases in the baseline Isc were observed in the IBD groups of large intestine compared with non-IBD tissues, while values were similar in the two groups of small intestinal tissues. Calculated values of tissue conductance were also increased in both Crohn's disease and ulcerative colitis colon compared with non-IBD large intestine.
Results
BASELINE PARAMETERS
Isc RESPONSES TO ANTI-IgE STIMULATION
We have previously described the Isc response to rabbit anti-human IgE serum in histologically normal small and large intestine. 5 A similar pattern and time course of response to 10 µg/ml anti-IgE was observed in non-IBD small and large bowel that consisted of a monophasic rise in Isc which began at about three minutes and peaked at about 10 minutes after adding serum to the antiluminal half of the Ussing chamber (fig 1) . Isc responses to an equivalent dose of anti-IgE were significantly reduced in all IBD groups compared with their non-IBD counterparts. As illustrated in fig 1A, 
Isc RESPONSES TO HISTAMINE
Isc responses to histamine were more rapid in onset compared with anti-IgE, reaching a maximum Isc less than five minutes after serosal addition in both non-IBD small and large bowel (fig 2) . Peak histamine secretory responses (in µA/cm 2 , as mean (SEM)) were smaller in ulcerative colitis tissues (15.2 (8.4), n=3 subjects) compared with non-IBD colon (39.1 (8.9), n=13 subjects, p<0.05) with a more marked reduction in the Crohn's disease large bowel group (6.3 (6.5), n=2 subjects, p<0.01 compared with non-IBD colon). Histamine Isc responses were also decreased in Crohn's disease small bowel (22.4 (8.0), n=7 subjects) but this reduction was not significantly diVerent from non-IBD small intestine (37.4 (8.7), n=6 subjects).
Isc RESPONSES TO FORSKOLIN
Isc responses to forskolin were similar in non-IBD large and small intestine (fig 3) . No significant diVerences were observed in the magnitude of the secretory response to forskolin between ulcerative colitis large bowel or Crohn's disease small bowel groups and their respective non-IBD controls. The forskolin induced peak rise in Isc was reduced in Crohn's disease colonic specimens however.
CHLORIDE FREE BUFFER STUDIES
In both non-IBD large and small bowel, Isc responses to anti-IgE appeared to be largely due to chloride secretion since stimulation in chloride free buVer reduced peak Isc values to 21% (n=4 subjects/8 tissues per treatment, p<0.05) and to 17% (n=3 subjects/6 tissues per treatment, p<0.05) respectively of control values in Krebs buVer. 5 A similar reduction was observed in IBD tissues with Isc responses to Table 3 summarises the quantitation of mucosal and submucosal mast cells. Compared with their respective non-IBD control groups, mast cell numbers did not diVer in ulcerative colitis or Crohn's disease large bowel but were significantly increased in the mucosa of Crohn's disease small intestine. Inflammation scores ranged from 0 to 3 in each tissue group although the distribution of scores varied within each group (fig 6) . Tissues from patients with IBD predominated in the groups of large and small bowel with the higher inflammation scores (see fig 6) , but no significant correlation between the degree of inflammation and Isc responsiveness to anti-IgE could be shown within each of the five tissue categories or within colon or small intestine groups using correlational analysis.
Figure 2: Kinetics of Isc responses to histamine (10 -4 M) added to the serosal surface of muscle stripped large (A) or small bowel (B) from subjects without IBD, with Crohn's disease (CD), or with ulcerative colitis (UC). For comparison, results (in µA/cm 2 , mean (SEM)) are shown as if each stimulus was added at time 0. For large bowel (A), n=33 tissues from 15 subjects (non-IBD), 4 tissues from 2 subjects (CD), and 9 tissues from 3 subjects (UC). For small bowel, n=12 tissues from 6 subjects (non-IBD), and 16 tissues from 8 subjects (CD).
, as mean (SEM)) to forskolin (10 -5 M) compared in large and small intestine from subjects without IBD, with Crohn's disease (CD), or with ulcerative colitis (UC). The number of tissues tested for
Discussion
Mast cells are a unique population of immune cells resident in the gastrointestinal tract under normal and inflammatory conditions. These cells have been implicated in the pathogenesis of systemic mastocytosis, food allergy, and intestinal parasitic infection, as well as gastrointestinal conditions less clearly associated with mast cells such as inflammatory bowel disease (IBD). 7 By virtue of the large number of preformed and newly formed mediators that are released in response to a variety of stimuli, 1 21 mast cells have significant potential to modulate gut function. In this context, eVects on the intestinal epithelium have been best evaluated with evidence that activated mast cells stimulate epithelial ion transport and diminish barrier integrity. 7 Most of these data have come from animal experiments 2-4 22 and to a lesser extent, cultured cell systems. 23 It is only recently that evidence for mast cell regulation of intestinal ion transport has been shown in human bowel. 5 6 The present study confirms our previous observations that activation of human intestinal mast cells with anti-human IgE serum stimulates a predominantly chloride secretory response involving histamine and shows that mast cell mediated epithelial ion transport is altered in intestine from subjects with IBD. Our results suggest that prior activation of mast cells with release of histamine may account for the reduced secretory response to anti-IgE observed in certain IBD specimens.
In this study ion transport responses to mast cell activation were compared in IBD and non-IBD intestine using antibodies directed to human IgE to crosslink IgE molecules bound to high aYnity IgE receptors found on mast cells and basophils. Although some other cells may bear high aYnity IgE receptors under certain conditions, the functional significance of this is unknown and thus anti-IgE can be considered a relatively specific stimulus for mast cells. Other agents (concanavalin A, calcium ionophore, ionomycin) known to release histamine from isolated human intestinal mucosal mast cells 24 were not used because of their potential to act directly on the epithelium or stimulate other immune cells. Anti-IgE induced a predominantly chloride secretory response in all groups of tissues but the magnitude of this response was significantly reduced in small and large intestine from patients with IBD.
Although decreased numbers of mast cells would have explained the diminished epithelial secretory response to mast cell stimulation in IBD intestine, we did not find a reduction in the number of mucosal or submucosal mast cells in any group of IBD tissues compared with the non-IBD controls. No significant differences were observed between any of the colonic groups while mucosal mast cells were increased in Crohn's disease small bowel compared with non-IBD small intestine. Our results are in keeping with the majority of previously published studies which show either increased numbers or unchanged numbers of mast cells in IBD intestinal tissues [8] [9] [10] [11] although other studies have described a reduction in intestinal mast cell numbers in IBD. 25 The findings in the latter study 25 and the trend to a decreased number of intestinal mast cells in Crohn's disease colon in the present study may be due to prior degranulation of mast cells which can be diYcult to detect by toluidine blue staining. 26 Another interpretation of our results showing reduced Isc responses to anti-IgE in IBD tissues is that mast cells in IBD are less responsive to degranulating stimuli or release fewer mediators than mast cells in normal intestine. These possibilities are unlikely since release of histamine, prostaglandin D 2 , and leukotriene C 4 was shown to be increased in anti-IgE activated mast cells from active versus quiescent ulcerative colitis tissues in one study. 16 A recent publication by BischoV et al also suggests that release of histamine and leukotrienes is increased in stimulated mast cells isolated from actively inflamed intestine of patients with IBD. 17 Although another study describes similar amounts of histamine being released from anti-IgE stimulated mast cells regardless of whether mast cells were isolated from quiescent IBD intestine, from active ulcerative colitis, or Crohn's disease specimens, or from normal bowel, 27 there are no reports of reduced mediator release from activated intestinal mast cells in IBD.
Altered epithelial responsiveness to mast cell mediators represents another potential mechanism to account for the reduced Isc responses to mast cell activation and to histamine that were observed in IBD tissues. Previous studies describe altered sodium and chloride transport in colonic segments from patients with colitis. [28] [29] [30] [31] Defects in the biophysical properties of colonic epithelial cell membranes have been proposed as the mechanism(s) responsible for altered ion transport in IBD 30 and it is now known that certain cytokines alter epithelial ion Mast cell numbers per mm 2 of mucosa, submucosa, and the two areas combined expressed as mean (SEM); n is the number of subject specimens examined for each tissue category. *p<0.05 compared with corresponding non-IBD tissues. transport function. 32 33 The reduced ion transport responses to forskolin found in Crohn's disease colon in this study suggest that the diminished anti-IgE and histamine responses seen in Crohn's colonic tissues may not be specific for mast cell products and could imply a more generalised epithelial defect. Globally altered epithelial transport function does not, however, explain the decreased Isc values seen after anti-IgE or histamine stimulation in ulcerative colitis colon or Crohn's disease small intestine. It is likely that the IBD epithelium reported on in this study represents a relatively less diseased subset compared with previous studies [28] [29] [30] [31] since we excluded tissues with very abnormal basal electrophysiologic properties (baseline Isc failed to stabilise, basal Isc or PD not measurable, response to forskolin absent) from analysis. This premise is supported by the fact that basal Isc values were increased in IBD versus non-IBD colonic tissues in our study while previous studies describe decreased Isc in IBD colon. [28] [29] [30] [31] It is not clear, however, how our small bowel data compare since ion transport has not been well studied in small intestinal inflammation.
There is a substantial body of evidence to suggest that mast cell degranulation is enhanced in IBD. Ultrastructural studies report increased numbers of degranulated mast cells in both ulcerative colitis 13 and Crohn's disease intestine. 12 Additional evidence that mast cells may be activated in IBD is provided by reports describing increased levels of histamine in rectal dialysates of patients with ulcerative colitis 14 or jejunal secretions of patients with Crohn's disease 15 compared with controls. To test the hypothesis that prior degranulation of mast cells with release of mediators including histamine could account for the reduced anti-IgE and histamine Isc responses observed in IBD intestine, we pretreated non-IBD control tissues with doses of histamine suYcient to prevent subsequent histamine induced secretion. After histamine desensitisation, the magnitude of anti-IgE Isc responses in non-IBD colon was similar to that seen in Crohn's disease and ulcerative colitis colon. This suggests that prior activation of mast cells may have played a role in the reduced colonic ion transport responses to mast cell activation seen in this study. Our results do not suggest that the reduced anti-IgE responses in Crohn's disease small intestine are due to this mechanism although the variation inherent in using a small number of samples may have precluded the detection of a similar phenomenon in the small intestine.
The observation that histamine receptor blockade had no statistically significant eVect on anti-IgE responses in IBD colon while pyrilamine completely abrogated the anti-IgE response in Crohn's disease small bowel suggests that the relative amounts of histamine released may diVer according to disease site. As we have previously shown that pyrilamine completely abrogates Isc responses to histamine in non-IBD colon, 5 the lack of significant inhibition of anti-IgE Isc responses by pyrilamine in IBD large intestine, particularly in ulcerative colitis tissues, also supports the concept that lesser amounts of histamine were involved in the epithelial secretory response to mast cell degranulation in IBD colon.
Our study does not address the issue of how mast cells may be activated in IBD. Although the literature supports a role for mast cells in the pathogenesis in IBD it is less clear how they are activated. It has been proposed that food allergens may act as a degranulating stimulus but the evidence for this mechanism occurring in IBD is limited. 7 IBD intestinal mast cells have also been reported to release histamine in response to intestinal epithelial cell associated components. 34 Other stimuli that modulate mediator release from intestinal mast cells, including substance P, 35 chemokines (Crowe et al, unpublished data), and c-kit ligand, 17 may be increased in IBD and could play a role.
In summary, we have shown that mast cells regulate human intestinal ion transport both under normal conditions and in IBD. Interactions between mast cells and the epithelium appear altered in IBD, reflecting, in part, reduced responsiveness of the epithelium and prior activation of colonic mast cells with release of mediators such as histamine. Further work is needed to explore the role of mast cells in the pathophysiology of inflammatory bowel disease.
